Thermal detection has made extensive progress in the last 40 years, however, the speed and detectivity can still be improved. The advancement of silicon photonic microring resonators has made them intriguing for detection devices due to their small size and high quality factors. Implementing silicon photonic microring or microdisk resonators as a means of a thermal detector gives rise to higher speed and detectivity, as well as lower noise compared to conventional devices with electrical readouts. This LDRD effort explored the design and measurements of silicon photonic microdisk resonators used for thermal detection. The characteristic values, consisting of the thermal time constant (τ ≈ 2 ms) and noise equivalent power were measured and found to surpass the performance of the best microbolometers. Furthermore the detectivity was found to be D λ = 2.47 × 10 8 cm•√Hz/W at 10.6 µm which is comparable to commercial detectors. Subsequent design modifications should increase the detectivity by another order of magnitude. Thermal detection in the terahertz (THz) remains underdeveloped, opening a door for new innovative technologies such as metamaterial enhanced detectors. This project also explored the use of metamaterials in conjunction with a cantilever design for detection in the THz region and demonstrated the use of metamaterials as custom thin film absorbers for thermal detection. While much work remains to integrate these technologies into a unified platform, the early stages of research show promising futures for use in thermal detection.
1. BACKGROUND
Motivation
The terahertz (THz) to far-infrared portion of the electromagnetic spectrum extends from roughly 100 GHz to 30 THz (where 1 THz corresponds to a wavelength of 300 microns and photon energy of 4.1 meV). From radio frequency waves through X-rays, this portion of the electromagnetic spectrum is the least developed and therefore the least understood scientifically and technologically. Detection of THz radiation at elevated temperatures is a complicated due to the low excitation energies involved (ruling out more standard semiconductor based detection schemes). Our goal in this effort was to develop a path towards room temperature detector solutions that are amenable to integration in a focal plane array. This included verification of a Sandia developed technology, the thermal microphotonic focal plane array (TMFPA, SAND2009-6998) and the exploration of thin film metamaterial enhanced absorber elements that can be integrated into the TMFPA or other similar microbolometer platforms.
ACCOMPLISHMENTS

2.1: Thermal Microphotonic Focal Plane Array (TMFPA) Pixel Verification Platform
The high quality factors (Q) of optical microring resonators have enabled the design and demonstration of highly sensitive microring-resonator-based sensors. Examples include chemical, biological, nuclear, inertial, and thermal sensors [1] [2] [3] [4] [5] . In the case of the thermal detector, a temperature change in the resonator will induce a change in the index of refraction (n) of the disk causing a corresponding change in the resonance wavelength of the microdisk. The change in resonance will ultimately cause a change in transmission of the bus waveguide which is measured with a basic optical power detector. The microdisk resonator thermal detector is shown in Fig. 2 .1.1. The insulating post isolates the microring from the substrate thereby reducing the thermal flux (noise) from the microring to the substrate. The thermal noise, also known as phonon noise, is expressed by Eq. 1 as Noise Equivalent Power (NEP). Physically this noise arises from the passage of quantized carriers of energy through the thermal linkage; this movement causes white noise (frequency independent noise) 6 .
√
(1) In the case of the microdisk resonator thermal detector is the thermal conductance of the insulating post and support structure which is specific to design, is the Boltzmann constant, and is temperature expressed in Kelvin. The noise floor of the detector does not include any Johnson noise due to the absence of electronic evaluation. The elimination of the Johnson noise improves the overall noise performance of this device giving it a potential edge over current commercially available thermal detectors. The thermal conductance of the tethers is on the order of .
Planar Disk Resonators
The waveguide serves as a medium for the interrogation light to pass through for inspection of the microdisk. The interrogation light evanescently couples to the microdisk from the waveguide. The resonant wavelength of the ring resonator is given in Eq. 2Error! Reference source not found., where is the effective refractive index of the disk mode, r is the radius of the disk, and N is an integer.
The fixed wavelength interrogation light in the bus waveguide is intended to measure a shift in resonance which is directly related to a change in the resonance of the ring. The change in the resonance of the ring is caused by a change in the effective refractive index upon heating due to absorption of radiation is described by Eq. 3 where FSR is the free spectral range of the ring and is the resonance wavelength [5] .
The change in resonance due to heating of the disk will change the transmission of the interrogation light. Ultimately the change in transmission will lead to a change in power received by a photodetector which is then interpreted as a photoresponse.
Quality Factor
The responsivity resolution of these devices is characterized by the quality factor (Q). The quality factor is expressed in Error! Reference source not found. 4 where is the resonance wavelength and is the full width at half maximum of the resonance.
As Q is increased the signal increases equally as well as the noise due to resonance fluctuations. It is important to note this characteristic of Q for future designs as changing the Q only changes the responsivity of the device and not the NEP. However, in multipixel arrangements and when considering overall system noise, higher Q values will result in improved performance.
Measurement Setup
A custom designed vacuum chamber was used for the testing of the microdisk resonator thermal detector. As seen in Error! Reference source not found. 2.1.2, the vacuum apparatus consists of ports for optical fibers, electronics, vacuum, and a window for thermal interrogation. The inside of the chamber contains an optical bread board for mounting. Also inside of the chamber are two electrically driver 3-axis stages, a thermoelectric cooler, and a one-axis stage for sample mounting. During measurements the chamber is evacuated to pressures in the 10 -5 Torr range. This evacuation improves the thermal resistance of the resonator disc from the substrate. The optical feed-throughs are for the input of the interrogation laser (nominally 1550 nm). The feed-throughs are connected to lensed fibers which are for coupling the interrogation laser into the bus waveguide. The lensed fibers are aligned using the 3-axis stages. The electrical feedthrough is for the electric wiring of the multiple stage motors and the thermoelectric cooler. The window of the apparatus is designed for high transmission of long-wave infrared radiation. The measured transmission of the window was . The source of the radiation was a temperature controlled CO 2 laser operating at 10.6µm. The CO 2 laser was internally chopped, referenced by a TTL signal to produce a square-wave output. Before interrogation of the microring resonator the laser power must be attenuated. This was done by the use of a 0.99 reflection optic and a wire-grid polarizer pair. The polarizer pair is in place for simple user controllable power. The beam is then brought into the vacuum chamber perpendicularly by an optical mirror mounted to a microscope head. The beam is purposely not focused to promote flood illumination of the resonator. The CO 2 radiation is absorbed by the SiN x resonator disk which leads to heating and therefore a shift of resonance. To measure the sensitivity of the resonator we must know the incident CO 2 power on the disk. To do so a beam image and power measurements were acquired. The image was taken using the commercially bought Pyrocam; Error! Reference source not found. shows an image of the CO 2 beam. The measured beam diameter was 8.93 mm with a full width half maximum (FWHM) of 6.25 mm. The beam profile is also seen to be Gaussian. The measured incident power onto the window was 3.71 mW. Using a Gaussian approximation the incident power on the disk was calculated. Error! Reference source not found. is the Gaussian profile used for the calculation
is expressed in cylindrical coordinates to simplify the integration to solve for incident power per unit area A. Solving Eq. 6 we find . To solve for the coefficient A integration of the Gaussian function over the range of [ ) and [ ] was made. . Finally to solve for the incident power on the disc is multiplied by the transmission of the window, . The incident power on the disc was found to be .
Measurements
The interrogation laser wavelength must rest on the 3dB point of a side of the resonance of the microdisk resonator for optimum response.
shows the resonance of the microdisk. This may be achieved in two different ways: (1) by thermally changing the resonance of the disc by means of the thermoelectric cooler or (2) by changing the wavelength of the laser. Either way the thermoelectric cooler must be used to ensure large temperature fluctuations do not occur as this would add environmental noise. The method chosen was to thermoelectrically stabilize the temperature while supplying an adjustable wavelength interrogation laser. The transmitted power through the bus waveguide was measured with the New Focus 2053 photoreceiver. The output of the photoreceiver was evaluated using either the SR785 Lock-in-amplifier or the SR850 spectrum analyzer. Generally the Lock-in-amplifier was used during the CO 2 alignment because of the ability for low integration times and to lock-in on the chopping frequency. The spectrum analyzer was used to measure the spectrum of the system for noise analysis. Fig. 2 .1.5 shows a spectrum of the resonator given by the SR785 spectrum analyzer. The noise below 60Hz is thought to be due to mechanical vibrations in the system. The important characterizations of thermal detectors are time constant ( ), responsivity ( ), noise equivalent power (NEP), and specific spectral detectivity ( ). The time constant was found to be 2ms. This time constant is a fraction of the best commercially available thermal detectors which range from 10 -40ms 8 . The signal voltage of the detector was measured using the SR785 spectrum analyzer and was found to be . The SR785 references the input signal to a sine-wave; therefore the squarewave input into the SR785 is broken into separate sinusoidal harmonics. Error! Reference source not found. shows the Fourier series of the square-wave where n is the harmonic of the square-wave. 
For a chopping frequency of 100Hz the power of the first harmonic is calculated to be . The responsivity is calculated to be .
NEP and Detectivity Calculation
Noise equivalent power (NEP) is a calculation to determine the minimal amount of signal detectable, in other words where the signal-to-noise ratio is unity. The noise of the detector system was calculated using the SR850 to measure the spectral power density. The noise was measured with the CO 2 beam blocked. The measured noise was √ at 100Hz. As a result the of the system was calculated to be √ . This NEP is a good start for a system which has much room to grow and provides a means of comparison of different detector types. The area of the detector is . The calculated specific detectivity is √ ; this detectivity is on the order of the best commercial thermal detectors ( √ ). The average bolometer pixel size is almost four times larger than the microdisk resonator, although the trend is moving towards smaller pixel sizes.
Design Improvements
The TMFPA pixels measured in this work were from the first installment of microdisk resonators for thermal detection 7 ; therefore there are many improvements that could be made to the design. Current commercial detectors have high reflectance material underneath the thermal sensor to improve absorption in the detector element. For better detection a high reflectance material could be placed in the design of the microdisk resonator. Currently the spacing between the disc and substrate is about 10 which was found through simulation has an absorption of only about 7.5%. Error! Reference source not found.2.1. 6 shows simulation results for absorption at different substrate to resonator spacings. For LWIR detection it would be best to have a spacing of 7.5µm. The relatively low quality factor, Q = 15000, could be increased to obtain a higher responsivity, although the quality factor will not change internal NEP a smaller FWHM of the resonance would allow for a greater number of resonators to be placed on a single bus waveguide. A more experimental investigation should be made to find the relation of Q to the size of the tethers of the microdisk. To increase the time response the overall size of the microdisk could be made smaller by using a higher index material as the medium. 
2.2: Metamaterial Enhanced Thermal Detectors
Metamaterials Recently, engineered materials composed of designed inclusions exhibiting unique electromagnetic (EM) properties not readily occurring in nature have attracted extraordinary interest from a wide group of scientists working in optics, physics, engineering, and material science 9 . Since the first demonstration of negative refractive index using metamaterials (MMs), world-wide effort has spawned numerous research thrusts resulting in advances such as super lenses and invisibility cloaks [10] [11] [12] [13] [14] . Subwavelength metamaterial elements can be tailored to provide a specific EM response at virtually any desired frequency 15 . As effective media, MMs can be characterized by a complex refractive index n = n 1 + in 2 where n 1 is related to the phase velocity and n 2 to losses 16 . A large fraction of MM research has focused on applications related to engineering n 1 (e.g. negative refractive index) while at the same time minimizing n 2 and the associated losses. However, manipulating the loss through judicious design of effective n 2 is advantageous for certain applications as demonstrated with recent work on perfect absorbers [17] [18] [19] . For example, designing a compact absorbing element can lead to enhanced functionality of EM detectors. The work that follows in this section was done in collaboration with Boston University.
Detector Design
Two different detection systems were fabricated and tested, the first designed for a resonant frequency of 95GHz (microwave spectrum) and the second at 693GHz (THz spectrum). The SRR for 95GHz detection was designed as a basic square SRR. The dimensions of the SRR can be seen in Fig. 2. 2.1. A 50µm x 50µm optical pad was added to the SRR layout for the ability to optically interrogate the SRR system. The optical pad is meant to reflect an interrogation laser for measurement purposes. The SRR is fabricated onto a cantilever. The cantilever is designed with two bimorph arms supporting the SRR. At resonant frequencies small currents are induced in the SRR which will produce heat, due to the bimorph arms of the cantilever the heat will cause stress in the arms and therefore change the angle of the optical pad. The bimorph arms are fabricated using a deposition of gold on top of a silicon nitride layer. The combination of the cantilever and SRR are considered a unit cell or pixel. The spacing of a unit cell was 500µm. The 693GHz SRR was designed in much the same way as the 95GHz SRR except the overall size is smaller due to the shorter wavelength of resonance. The capacitance gap length was made larger to enhance resonance and the optical pad had dimensions of 12µm x 20µm. Due to the bimorph arms the room temperature angle of the cantilever with respect to the substrate was 50 degrees for the 95GHz pixel and about 5 degrees for the 693GHz pixel.
Fabrication
The THz detectors were fabricated using surface micromachining technology in a four step process. First, a 200 nm SiNx layer is deposited on a silicon substrate. The 10 nm/50 nm Ti/Au layer defining the SRR absorbers, readout reflector, and cantilever legs is then fabricated using standard lithography and liftoff processes. Next, the SiNx layer is patterned using lithography and plasma etching to define the MM supporting membrane as well as the cantilever legs. Finally, the structures are released through backside KOH etching of the underlying silicon substrate. Fig. 2 An optical measurement apparatus was built for the measurement of the 95 GHz and 693 GHz samples. This device was made using Thorlabs cage mount parts consisting of a beam collimator, 5x beam expander, beam splitter, a 20x microscope objective for focusing, and a position sensitive detector (PSD) to measure the movement of the reflected beam. This device is easily mounted on a lab jack for mobility and height adjustment. The PSD electronics were purchased from Hamamatsu. 
THz Source
The THz source used for the illumination of the 95 GHz pixels was manufactured by Virginia Diodes Incorporated (VDI). The source consisted of an Yttrium iron garnet (YIG) oscillator with a frequency range of 20 -40 GHz controlled by a user-supplied voltage of 0 -10 Volts. The output of the YIG oscillator is connected to a 10 dB coupler for frequency readout. The other output connection of the coupler is connected to an amplifier which is connected to a 3x frequency multiplier. The 3x frequency multiplier is connected to another amplifier to increase the output power. This is the basic configuration which supplies a frequency range of 75 -110 GHz. Other frequency bands may be obtained by the connection of other sets of frequency multipliers. Other possible bands include: 140 -230 GHz, 210 -345 GHz, 280 -460 GHz, 420 -690 GHz, and 700 -1000 GHz. The VDI source also contains the ability for user attenuation and the input off a TTL signal for square-wave chopping of the source. To correctly measure the response of the 95 GHz sample the power spectrum of the THz source must be known. A Thomas Keating power meter was used for these measurements. Error! Reference source not found..2.8 shows the power spectrum of the VDI THz source. It turns out that, even though the VDI source was adequate for these particular measurements, it had a faulty amplifier which caused the power to cut out at certain frequencies. This impacted the measurements in that extra care was needed in normalizing data to the incident power. 95 GHz response A 12 inch diameter, 18 inch focal length lens was used to focus the microwave beam onto the SRR sample. The beam spot produced was 1.1 cm as measured using a the Pyrocam III beam imager. This provided ample room for equipment needed to support the sample. To hold the sample and provide a means for stabilization of the cantilever a sample box was made with the use of two high THz transmission windows and a Thorlabs cage mount box. This sample holder also provided a way to supply vacuum to the sample therefore creating higher thermal resistance of the cantilever system. Figure 2 .2.9 shows the sample holder under measurement conditions. Due to built in stresses in the cantilevers, the experiment needed to be performed at approximately 50 degrees. To ensure that the measurement beam was reflecting off of the optical pad of the 95 GHz SRR a fiber light source was used to illuminate the back of the sample to view the sample through the measurement apparatus. For viewing of the sample the PSD was replaced with a CCD camera. This view provides a look at where the measurement beam resides on the SRR and also if the measurement apparatus is aligned perpendicular to the SRR. Once the reflector pad is found the CCD camera is then replaced with the PSD.
Measurement results
To ensure that the measurement beam was reflecting off of the optical pad of the 95 GHz detector a fiber light source was used to illuminate the back of the sample for viewing with the optical measurement apparatus. For viewing of the sample the PSD was replaced with a CCD camera. This image provided a view of where the measurement beam resides on the SRR and also if the optical measurement apparatus is aligned perpendicular to the SRR. Once the reflector pad is found the CCD camera is then replaced with the PSD. The THz source was square-wave modulated using a TTL signal. A lock-in amplifier was used to recover the signal of the detector. Due to the thermal characteristics of the device, a chopping frequency between 5 and 30 Hz was used to insure maximum heating response. The resonant nature of the detector was measured by scanning the frequency of the THz source and recording the optical signal of the detector. As shown in fig. 2 .2.10, both polarizations were measured and only the polarization having the electric field arranged to drive the capacitor gap yielded a significant response. The complete characterization of the 95 GHz detector platform is summarized in Fig.  2 .2.11. Here, the photoresponse is referenced to the per pixel incident power using only the datapoints where the VDI source was operating at its full power. The resulting data points were then fit with a Lorentzian curve. 
GHz Sample
The same optical measurement device and sample holder was used as with the 95 GHz sample. The 693 GHz pixel when released has a small built in deflection angle between of only a few degrees, which greatly simplified device interrogation. Due to this small angle a different technique is used to locate an optical pad. Using Thorlabs motorized stages a xyz-motor controlled stage was built and programmed using LabView to locate the pad of a 693 GHz pixel. By measuring the transmitted measurement beam through the sample and scanning in the x-z plane the pads were easily located. Error! Reference source not found. shows a resultant scan of the LabView program to locate the 693 GHz pixel optical pad. Although the VDI source can be used to obtain a frequency of 693 GHz it was not used because of the low power in that frequency range. Instead a far infrared laser (FIRL) using a formic acid line pumped with a CO 2 laser was used as the illumination source. Although the frequency cannot be scanned the FIRL provides very good power, the maximum achieved was about 10 mW. A parabolic mirror was used to focus the beam onto the sample. To show good SRR characteristics the pixel must have a linear response and must be polarization dependent for this particular design. Two wire-grid polarizing optics were placed together to control the output polarization and power. The output of the FIRL is polarized in the vertical direction so to provide power control a second polarizer was placed in the vertical polarization. The first polarizer may be swept from vertical to horizontal for power attenuation. Combined with a second polarizer for polarization control, the power transmitted goes as cos 4 (θ), where θ is the angle of the first polarizer referenced to the horizontal plane. Error! Reference source not found. (a) shows the plot of optical response vs. incident power on the sample. The noise floor of the system was 0.43 mV. As shown in the plot that the SRR detector has a linear response with respect to power.
While the readout approach utilized could be significantly improved, we performed beam profiling measurements with the 693 GHz pixels in order to demonstrate the utility of our detectors, even at this stage, for THz beam diagnostics. In Fig.2.2.13 (b) , we show beam measurements taken using a single pixel while the beam was steered along both axes. To capture the beam along the y-axis, the focusing paraboloid was simply translated. In a similar way, the x-axis data was captured by rotating the focusing optic. The result was a Gaussian profile similar to that measured with the commercial beam imager. While this is by no means an ideal technique for characterizing the beam, it demonstrates that these relatively simple detector elements can immediately find lab applications should an appropriate multi-pixel readout scheme be implemented. 
CONCLUSIONS
The performance of the TMFPA platform was verified to be competitive with commercial microbolometer sensitivity while having a response time approximately 5 times faster. During this effort, multiple concepts were developed for improving sensitivity further although these will require extended dedicated effort.
The metamaterial enhanced cantilever detectors demonstrated in this effort are naturally fabricated in array form and are suitable for real-time 2D imaging by simultaneously measuring the deflection of all of the pixels using, for example, a visible CCD/CMOS camera to obtain an intensity map for parallel pixel readout [20] [21] . Furthermore, it is possible to combine multiple SRRs with different resonant frequencies into a super pixel, thus enabling frequency-sensitive THz imaging/spectroscopy with a "multicolor" THz illumination source. The optimal design of THz focal plane imaging detectors will also need to consider pixel size for particular imaging needs such as speed and sensitivity. For example, the MM unit cells are typically /5 ~ /10 in size. One may desire to have multiple MM SRRs constructed on a sensing pixel element that is matched to the optics of the overall system for optimum response 22 . While we demonstrated detection at 95 GHz and 693 GHz, in principle this approach can be applied to other unconventional wavelengths (even mid-IR) where nature does not provide us with appropriate material resonances amenable to integration with thermal detection platforms. There is also no reason that this basic concept using artificial absorbers could not be extended to TMFPA or conventional microbolometers. The implementation of low cost thin film THz absorbers could enable rapid progress in extending the many benefits of uncooled thermal imaging devices to the THz portion of the spectrum.
